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Abstract
Silicon carbide (SiC) membranes have shown large potential for applications in water treatment. Being able to make
these membranes in a hollow fiber geometry allows for higher surface-to-volume ratios. In this study, we present a
thermal treatment procedure that is tuned to produce porous silicon carbide hollow fiber membranes with sufficient
mechanical strength. Thermal treatments up to 1500 ◦C in either nitrogen or argon resulted in relatively strong fibers,
that were still contaminated with residual carbon from the polymer binder. After treatment at a higher temperature
of 1790 ◦C, the mechanical strength had decreased as a result of carbon removal, but after treatments at even higher
temperature of 2075 ◦C the SiC-particles sinter together, resulting in fibers with mechanical strengths of 30 MPa to
40 MPa and exceptionally high water permeabilities of 50 000 L m−2 h−1 bar−1. Combined with the unique chemical
and thermal resistance of silicon carbide, these properties make the fibers suitable microfiltration membranes or as a
membrane support for application under demanding conditions.
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1. Introduction
The outstanding mechanical integrity and chemical
stability of silicon carbide has resulted in its use in vari-
ous applications in which the material has to resist harsh
conditions, such as diesel particulate filters [1], catalyst
carriers [2], and sensors that are used at extreme pHs
[3]. Whereas silicon carbide membranes also have been
proposed for gas separation [4–8], the application of sil-
icon carbide membranes for liquid applications has re-
ceived little attention in literature. In 2011, Hofs et al
demonstrated the superb fouling resistance of silicon
carbide membranes in the treatment of surface water
[9]. Several companies claimed that this low-fouling
behaviour extents to the harsh conditions of oil/water
separations [10–12].
Until now, silicon carbide membranes have been lim-
ited to flat [13], tubular [4, 14] and multichannel [5]
geometries. All these geometries have a comparatively
low surface-to-volume ratio in comparison with hollow
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fibers. The synthesis of inorganic hollow fibers has seen
increasing attention during the last decade [15–18], but
the few silicon carbide fibers that have been produced
showed an undesirable pore structure [19, 20] or poor
mechanical stability [21].
In the present paper, we developed a procedure for
the fabrication of mechanically robust, porous silicon
carbide hollow fibers via dry-wet spinning. The pa-
per elaborates on the effects of the thermal treatment
on the structure and properties of the obtained fibers,
demonstrating that a felicitous thermal treatment is of
key importance for the successful synthesis of highly
permeable and mechanically robust silicon carbide hol-
low fibers.
2. Experimental
2.1. Materials
α-Silicon carbide powders with a mean size of 0.4
and 0.6 µm were supplied by Liqtech International AS
(Denmark). Polyethersulfone (PES, Ultrasonr E 6020
P, BASF), N-methyl-2-pyrrolidone (NMP, <99.5%,
Sigma Aldrich) and de-ionized water (<18.2 MΩ cm−1,
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Table 1: Spinning conditions
Condition Value
Bore Liquid H2O
Coagulation bath H2O
Extrusion pressure 2 bar
Air gap 3 cm
Bore liquid flow rate 7 mL min−1
Diameter spinneret OD/ID=2.0 mm/0.8 mm
Milli-Q Advantage A10, Millipore) were used for dry-
wet spinning. Prior to use, PES was dried overnight at
80 ◦C; all other chemicals were used as received. Sinter-
ing was carried out in argon (4.5) or nitrogen (2.8) gas
atmosphere (Praxair).
2.2. Dry-wet spinning
The spinning dope composition was based on prior
work [22]. Silicon carbide powders were mixed in a 1:5
weight ratio (0.4:0.6 µm), added to NMP and treated ul-
trasonically for 30 min. PES was added in multiple steps
to this mixture, allowing the PES to dissolve before the
next amount was added. The resulting spinning mixture
was composed of 36 wt% of SiC, 50 wt% of NMP and
14 wt% of PES. After stirring overnight, vacuum was
applied for 30 min and the mixture was left overnight to
degas.
For the dry-wet spinning, the mixture was forced
through a spinneret by pressuring a stainless-steel ves-
sel with nitrogen. The spinning conditions are given in
Table 1; full details on the spinning setup can be found
elsewhere [21]. After spinning, the fibers were stretched
(1 cm m−1) and dried prior to sintering.
2.3. Thermal treatment
Thermal treatments up to 1500 ◦C were carried out
in a STF 16/610 tubular furnace (Carbolite) equipped
with an alumina working tube. Samples were loaded
in SiC crucibles and thermally treated according to the
programs given in Table 2. Prior to sintering, the system
was evacuated and refilled with either argon or nitrogen
three times, followed by sintering under a sweep flow of
100 mL min−1.
High-temperature sintering (1500 ◦C to 2075 ◦C) was
carried out at Liqtech Industries A/S, Denmark, where
the fibers were co-sintered with a running production
batch. All high-temperature sintering was carried out
under argon; prior to shipping for high-temperature sin-
tering, the samples were pre-sintered at 1500 ◦C for 2 h
in argon.
Table 2: Overview of the used sintering programs. For all experi-
ments, a 5 ◦C min−1 heating rate was employed.
Name Sintering Atmosphere
300-N2 1 h at 300
◦C Nitrogen
1000-N2 1 h at 300
◦C, 3 h at 1000 ◦C
1500-N2 1 h at 300
◦C, 3 h at 1500 ◦C
300-Ar 1 h at 300 ◦C Argon
1000-Ar 1 h at 300 ◦C, 3 h at 1000 ◦C
1500-Ar 1 h at 300 ◦C, 3 h at 1500 ◦C
1790-Ar* 6 h at 1790 ◦C
2075-Ar* 0.75 h at 2075 ◦C
* Sample sintered at Liqtech, Denmark. Samples were
pre-sintered according to program 1500-Ar.
Fiber mass (m), length (l) and diameter (d) were de-
termined per fiber prior to and after thermal treatment
to allow for paired comparison.
2.4. Characterization
2.4.1. SEM-EDS
The cross section morphology, the wall thickness and
semi-quantitative elemental analysis of green and sin-
tered fibers were obtained with a JSM-6010LA scan-
ning electron microscope equipped with an energy dis-
persive spectrometer (Jeol). To obtain a clean frac-
ture, the green compacts were soaked in liquid nitro-
gen before fracturing. The samples were gold-sputtered
(13 mA, 3 min) before SEM photos were taken. The
EDS spectra were obtained from a cross-section of the
non-sputtered fibers in low-vacuum mode.
2.4.2. TGA-MS
Thermogravimetric analysis (TGA) was performed
on a STA 449 F3 Jupiterr (Netzch) fitted with a TG-
only sample holder. Measurements were performed un-
der 70 mL min−1 argon at a heating rate of 20 ◦C min−1
from room temperature to 1500 ◦C. Temperature correc-
tion by melting standard and a blank correction with an
empty cup were carried out prior to the measurements.
Small fragments of dried fibers were used as sample and
their mass was determined externally.
Gases evolving during the thermogravimetric analy-
sis were transferred to a mass spectrometer (MS, QMS
403 D Ae¨olosr, Netzsch) by a glass capillary. TGA
and MS start times were synchronized; no correction
was applied for the time offset caused by the transfer
line time (estimated <30 s, systematic offset). First, a
bar graph scan for m/z = 1—100 amu was performed to
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determine the evolving m/z-numbers (data not included
here). The detected m/z-numbers (2, 12, 14—18, 20,
26-30, 32, 36, 38, 40, 44, 48—52, 56, 60—61, 64,
67—68) were selected and recorded more accurately in
multiple-ion-detection mode, with a dwell of 0.5 s per
m/z-value and a resolution of 50.
2.4.3. Clean water permeation
The clean water flux was measured using an OSMO
Inspector 2 (Convergence, Netherlands). Experiments
were carried out in dead-end mode under constant flux
operation with three different flux settings for each fiber.
Custom-made single-fiber modules were used made out
of Plexiglass tubing and sealed with PUR435/PUR-N
2-component glue (Intercol, Germany).
The permeate flow Φv (L h−1) was recorded as a func-
tion of the transmembrane pressure. The pressure drop
over the fiber is assumed to be negligible. The perme-
ability was calculated using eq. 1, where A is the effec-
tive membrane area.
Π =
Φv
(pfeed − ppermeate) · A (1)
2.4.4. Conductivity
Electrical conductivity was measured using a home-
build 4-probe conductivity meter. Current was applied
at the outer probes that were 7 cm apart; the voltage drop
was measured with two inner probes 3 cm apart. Mea-
surements were performed at room temperature on three
different spots at each fiber.
2.4.5. Mercury intrusion porosimetry
The volume of mercury intruded was measured as
function of the pressure using a Poremaster PM-33-14
(Quantachromer). The helium density was measured
using an AccuPyc II 1340 gas displacement analyzer
(Micromeritics). Pressure p and volume mercury in-
truded VHg were recorded and data processing was per-
formed using Matlabr [23]. The pore diameter corre-
sponding to a certain pressure is calculated using Wash-
burn’s equation [24] (Supplementary Information). The
volume based pore size distribution is calculated via eq.
2.
Dv(r) =
dVHg
dp
∣∣∣∣∣∣ p22γ cos θ
∣∣∣∣∣∣ (2)
The porosity is computed by combining apparent den-
sity measured using helium ρHe and mercury ρHg and
calculated using equation 3.
ε = 100
[
1 − ρHg
ρHe
]
(3)
2.4.6. Mechanical strength
Mechanical testing (4-point bending test) was carried
out according to ASTM C1161-02 [25] using a 5564A
mechanical testing bench (Instron). Sintered fibers were
cut to a length of 5 cm, and tested with a crosshead
speed of 2 mm min−1 at room temperature. The force
and deflection curves were measured and subsequently
the bending strength for sample j was calculated using
σ j =
16F jKdo, j
pi
(
d4o, j − d4i, j
) (4)
where F j is the force at fracture, K half the difference
between outer and inner span (5 mm) and di, j and do, j
are the inner and outer diameter of the hollow fiber j
at its fracture site. The error in the calculated bending
strength was estimated using ∆F = ±0.5%, ∆di = ∆do
= 20 µm and ∆K = 50 µm. For each fiber a minimum
of 20 measurements were taken and the obtained bend-
ing strengths were fitted by a Weibull cumulative proba-
bility function, where the characteristic strength σθ and
the shape parameter mshape are used as fitting parameters
(full details in the supplementary information).
3. Results and discussion
Figure 1 provides a set of pictures that show the fiber
morphology before and after thermal treatments at var-
ious temperatures. Figure 1B and 1C display the fiber
morphology of green hollow fibers after drying. The via
dry-wet spinning prepared fiber consists of a PES net-
work that is loaded with silicon carbide particles and has
an asymmetric structure with finger-like voids at the lu-
men side and a sponge-like outer layer. Such a morphol-
ogy is typical for inorganic fibers [15, 26]. Figure 1C
shows the presence of 10 µmsized particles dispersed
throughout the fiber. A close-up of these particles (not
shown here) indicated that the grains are presumably ag-
gregates/agglomerates of smaller silicon carbide grains.
Figure 1D-F show that sintering at temperatures of
1500 ◦C to 2075 ◦C has no apparent effect on the mor-
phology of the silicon carbide fibers. The finger-like
voids and sponge-like structure are both preserved.
However, at temperatures in excess of 1790 ◦C, the
sponge-like layer develops into a more open structure,
in which the individual grains are clearly visible (see
Figure 4 for close-up SEM images). The minor changes
in morphology also reflected in the small changes in the
radial dimensions between the green and the sintered
fibers. Prior to sintering, the dried fibers had an outer
diameter of 1.78 mm ± 0.02 mm. The level of shrinkage
in radial (dsintered/dgreen) and longitudinal (lsintered/lgreen)
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A: overview B: green C: green
D: 1500 °C argon E: 1790 °C argon F: 2075 °C argon
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Figure 1: Photo of, from left to right, a green, sintered at 1500 ◦C, sintered at 1790 ◦C, sintered fiber 2075 ◦C (A), and cross-sectional images of a
green (B), a green (C), 1500-Ar (D), 1790-Ar (E) and 2075-Ar (F) sintered fibers.
directions as a result of sintering at 2075 ◦C was lim-
ited to less than 5% and 8%, respectively (See the Sup-
plementary Information). No difference was observed
between sintering in argon or nitrogen atmospheres.
3.1. Thermal treatment
The mass loss of the green hollow fibers upon heating
and the gases that have concurrently evolved are shown
in Figure 2 for heating under argon up to 1500 ◦C (left
panel), and for a consecutive 8 h dwell at 1500 ◦C (right
panel). At lower temperatures (25 ◦C to 250 ◦C), mi-
nor mass loss is recorded that is accompanied by the
release of water. This mass loss is attributed to the
further drying of the SiC fibers. A second mass loss
step is recorded at intermediate temperatures (450 ◦C to
650 ◦C), where SO2, CO, CO2 and water are the main
gases emitted, followed by a minor mass loss concur-
ring with release of methane, CO and CO2 at 750
◦C.
This observed decomposition process matches closely
to the reported decomposition of PES under an argon
atmosphere [27–29], indicating that the presence of the
silicon carbide has had no (apparent) effect on the de-
composition of the PES.
Further mass loss is recorded at temperatures exceed-
ing 1150 ◦C. This mass loss continues up to 1500 ◦C
and persists for a full 8 h dwell period at this tempera-
ture. Mainly CO and CO2 evolve during this step. As
the reaction atmosphere is free of oxygen, the formation
of CO and CO2 is attributed to the following reaction
[30, 31]:
SiO2(g) + 3 C(s) −−−→ SiC(s) + 2 CO(g) (5)
The silica originates from impurities in the silicon
carbide [32]. The production of CO2 would be the result
of only two carbon atoms reacting with the silica. The
reaction between silica and silicon carbide is reported to
be inhibited at these temperatures in the presence of free
carbon [33]. The rate of reaction (5) is controlled by the
diffusion of CO through the SiC fiber wall [31]. Among
the main parameters that influence the rate of this pro-
cess are the porosity, tortuosity and sample thickness of
the material. In this respect, the fiber morphology —
having a bore and large voids — would result in shorter
times required for the thermal treatment than those re-
quired for a dense or mesoporous silicon carbide sam-
ple.
In Figure 3A, the mass of the fibers is shown after
thermal treatment in nitrogen or argon. Because of the
temperature limitations of the TG-apparatus and tubu-
lar furnaces, the temperature treatments at higher tem-
peratures (>1500 ◦C) were performed in an industrial
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Figure 2: TGA-MS data of the thermal processing of SiC hollow fibres under argon with (A) a heating rate of 20 ◦C/min followed by (B) a 8 h
dwell at 1500 ◦C.
furnace, in which the fibers are co-fired along with the
standard production batch. The results obtained up to
1500 ◦C are in excellent agreement with the previously
discussed TG-experiments.
However, at temperatures above 1500 ◦C, a deviation
from the mass loss trend is observed. At these temper-
atures, the fiber mass increases slowly with increasing
sintering temperature. Mass conservation dictates that
this increase in mass results from reactions with the at-
mosphere in the furnace. This cannot be the inert ar-
gon gas. It is known that the vapour pressure of silica
is non-negligible at these temperatures, and that silica
originating from the co-fired samples and/or the furnace
can be deposited onto the samples. At the fiber, this sil-
ica can then react with the free carbon through reaction
(5), yielding silicon carbide and carbon monoxide. At
these high temperatures, an opposite reaction, in which
silicon carbide reacts with the silica can occur as well
[32]. The resulting silicon oxide will either be removed
in the vapour phase, or disproportionate into silica and
silicon at room temperature [34].
To test this hypothesis, the electrical conductivity of
the silicon carbon fibers was measured after sintering.
The electrical conductivity of amorphous carbon (up to
106 S m−1) is multiple orders of magnitude higher than
that of silicon carbide (down to 10−4 S m−1 under a ni-
trogen atmosphere) or voids [35, 36]. Hence, the de-
position of silicon dioxide and the removal of carbon
via reaction 5 should result in a sharp decline in the
conductivity of the fibers. In Figure 3B, the electrical
conductivity is given for fibers that have been treated
under nitrogen or argon at various temperatures. The
high electrical conductivity of the samples up to 1500 ◦C
demonstrates that carbon is present and forms a per-
colative pathway through the material. Fitting of the
data with a Bruggeman Effective Medium Approxima-
tion proved to be impossible, which demonstrates that
the carbon is not present in the form of spherical inclu-
sions, but more likely forms a film that surrounds the
silicon carbide particles.
Above 1500 ◦C, the large drop in conductivity indi-
cates the removal of the carbon from the fibers. To ver-
ify the presence of carbon in the 1500-Ar fiber, and the
absence of carbon in the 2075-Ar fiber, these fibers were
measured with TGA under air. The TGA-runs give a
clear indication for the presence of 13.5 wt% residual
carbon in the 1500-Ar fiber, and the absence of resid-
ual carbon in the 2075-Ar fiber (see the Supplementary
Information).
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Figure 3: : (A) Final mass after thermal treatment (with 95% confidence interval) after sintering at certain temperatures and (B) conductivity after
sintering at certain temperature. A full explanation of the thermal treatment steps is given in the text.
3.2. Microstructure of the treated SiC fibers
3.2.1. Scanning Electron Micrographs
Figure 4 shows the microstructure of the hollow
fibers as a function of sintering temperature 1500 ◦C
to 2400 ◦C). The microstructures of the fibers sintered
at 1500 ◦C (Figure 4A and B) reveal submicron sili-
con carbide particles, still bound together by the resid-
ual carbon. No significant sintering has taken place,
which is as expected for the comparatively short hold-
ing time of 2 h just above the sintering temperature
(TTamman ∼ 1250 ◦C). At higher temperatures, sinter-
ing is evident from the significant grain growth that is a
consequence of Ostwald ripening (1790 ◦C in Figure 4C
and 2075 ◦C in Figure 4D). The grains grow from loose
grains, smaller than 0.5 µm in size, to strongly necked
particles of approximately 2 µm at 2075 ◦C, forming
an interconnected pore structure with large-sized pores.
This degree of grain growth agrees well with reported
morphologies of synthesized SiC substrates at compara-
ble temperatures and without the use sintering additives.
[1, 4].
3.2.2. Pore size distribution
Figure 5 shows the volume-based pore size distribu-
tion of fibers sintered under argon. It can be seen that
the median pore size increases with increasing sintering
temperature. The green fiber shows an apparent me-
dian pore size of 125 nm, consisting of both pores in the
polymeric matrix and voids between the ceramic par-
ticles. After sintering at 1500 ◦C many of the smaller
Table 3: Porosity for green and sintered fibers, including standard
error (see the Supplementary Information for details about the error
analysis)
Sample Porosity
Green 62.8±9.7
SiC1500Ar 64.4±6.5
SiC1790Ar 70.0±4.7
SiC2075Ar 63.5±4.8
pores disappear as the polymer is converted into ele-
mental carbon — leaving only the voids between the
ceramic particles. This results in a bell-shaped pore size
distribution with a median pore size of 500 nm. Still,
a considerable amount of residual carbon is present in
this fiber, as a subsequent oxidation step further opens
up the pores in the 100 nm to 500 nm range (see the Sup-
plementary Information).
At higher temperatures (1790 ◦C to 2075 ◦C), strong
broadening of the pore size is observed, combined with
a shift of the poresize to larger pores (>1000 nm). The
increase in pore size agrees well with the observed in-
crease in particle size (Figure 4). The change in pore
size does not result in a strong change in the fiber’
porosity (Table 3), as the porosity indicates there is no
significant densification, even at higher sintering tem-
peratures.
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Figure 4: Cross section microstructure for sintered silicon carbide fibers. Details about the heat treatment can be found in Table 2. 1500 ◦C sintered
fibers in nitrogen (A) and argon (B). 1790 ◦C (C), 2075 ◦C (D) were sintered in argon atmosphere.
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Figure 5: Volume—based pore size distribution by mercury intrusion
for various sintering temperatures under argon atmosphere.
3.3. Properties
3.3.1. Mechanical strength
Figure 6A shows the mechanical strength as result of
the sintering temperature and sintering atmosphere. The
lower and upper error bars indicate a cumulative proba-
bility of failure of 5% and 95%, respectively. Figure 6B
demonstrates in detail how these values were obtained
from a Weibull-fit of the cumulative probability of fail-
ure to the bending strength (full details in the Supple-
mentary Information).
From the data, it can be concluded that there is no
strong influence of the sintering atmosphere on the char-
acteristic strength for the 1000 ◦C sintered sample. A
large reduction in the strength is observed between the
fibers sintered up to 1500 ◦C and at 1790 ◦C. This loss of
strength is attributed to the removal of residual carbon
at the higher processing temperatures. As only minor
neck formation is present between the silicon carbide
particles at these temperatures, the carbon is required
to bind together the particles. Although the increas-
ing sintering temperature of 1790 ◦C increases the in-
herent strength of the SiC-network through neck forma-
tion, this increased strength is offset by the removal of
the carbon. A higher sintering temperature of 2075 ◦C
resulted in progressive sintering of the silicon carbide
particles, leading to an increasing mechanical strength.
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Figure 6: Summary of measured mechanical strengths at different temperature and atmosphere. In A), the symbol (square for argon, triangle for
nitrogen) denotes the characteristic strength (σθ) from Weibull fitting. The lower error bar denotes the strength at which 5% of the fibers would fail.
The upper error bar denotes strength at which 95% of the fibers would fail. B) shows the weibull cumulative probability function for the 2075-Ar
sample, showing the measured mechanical strengths where the error bar denotes measurement error. The solid line is the fit based on the weibull
function, whereas the dashed lines represent the 95% confidence interval of the fit.
At first glance the mechanical strength of these sili-
con carbide fibers appears to be low in comparison with
other ceramic hollow fibers [18, 37–39]. These values,
however, cannot be directly compared as in the present
study the bending strength was obtained via a 4-point
bending test. This results in a lower value for the me-
chanical strength as compared to an often-used 3-point
bending test [40]. In addition, assessing the mechani-
cal strength of a ceramic based on small sample num-
bers requires caution as sample-to-sample differences
might introduce large errors. Even though in this study
a limited sample size of 24 fibers is used [41–43], this
method of testing provides a better insight in the me-
chanical behaviour of these fibers as compared to other
studies.
3.3.2. Clean water permeation
Figure 7 shows the clean water permeability for fibers
sintered at various temperatures. The fibers sintered
at 1000 ◦C show a clean water permeability of approx-
imately 500 L m−2 h−1 bar−1 for both sintering atmo-
spheres. After sintering at 1500 ◦C an increase in per-
meability to values in the order of 1000 L m−2 h−1 bar−1
to 1200 L m−2 h−1 bar−1 is observed. The sintering at-
mosphere has little influence on the clean water perme-
ability for these fibers.
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Figure 7: Clean water permeability for silicon carbide fibers sintered
at various temperatures. The open symbols represent fibers sintered in
a nitrogen atmosphere, the closed symbols represent the fibers sintered
in an argon atmosphere. Each symbol represents a single fiber.
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After high temperature sintering the clean water per-
meability increases more than tenfold to values in the
order of 50 000 L m−2 h−1 bar−1. Sintering at these high
temperatures not only removed the residual carbon but
also resulted in larger pores, yielding this increased
clean water permeability. The observed clean water per-
meability of the fibers in this study (pore size 0.5 µm to
3 µm) is approximately a factor 50 higher than that re-
ported for alumina (pore size 0.1 µm to 1.4 µm) [44, 45],
a factor 5 higher than that reported for titanium (pore
size 1 µm to 3 µm) [39] and a factor 2 higher than that re-
ported for silicon nitride hollow fibers (pore size 0.5 µm
to 0.9 µm) [37].
Burst pressure experiments were conducted up to a
transmembrane pressure of 20 bar without rupture of the
fiber, further substantiating the mechanical robustness
of the fibers. (see the Supplementary Information).
4. Conclusion
Porous silicon carbide hollow fiber membranes with
outer diameters of 1.8 mm were prepared successfully
by dry-wet spinning followed by a thermal treatment
at various temperatures. Tuning of the microstructure
by changing the sintering temperature allowed for the
optimization of pore size and mechanical strength of
the fibers. Although sintering at 1500 ◦C yielded me-
chanically stable fibers, the carbon residue of the poly-
meric binder effectively blocked the pores of the fiber,
resulting in low water fluxes. The carbon binds the
SiC-particles together, as is evident from the sharp de-
crease in mechanical strength when carbon is removed
upon heating to 1790 ◦C. A treatment at temperatures
as high as 2075 ◦C is required to sufficiently sinter to-
gether the silicon carbide particles. The resulting fibers
show exceptionally high clean water fluxes in the or-
der of 50 000 L m−2 h−1 bar−1 at a differential pressure
of 1 bar. With pore sizes in the order of microns, the
membranes are directly applicable as a microfiltration
membrane, or can be used as a substrate for UF or gas-
separation membranes.
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